Our objectives were to quantify the Salmonella enterica burdens in harvest-ready cattle and to identify specific at-risk populations of cattle most likely to harbor multiply resistant S. enterica. Hide swabs were collected in abattoirs from three cohorts of cattle (feedlot origin cattle that had achieved desirable harvest characteristics and dairy-and beef-type cows harvested because of poor productivity). Feces were collected from two cohorts housed in feedlots (cattle that had achieved desirable harvest characteristics and animals identified for salvage recovery because of poor productivity). Facilities were visited on four occasions over a 12-month period. Salmonella enterica isolates were recovered, and organisms were quantified using standard microbiological methodologies. Susceptibility to antimicrobial drugs and serotype were determined for one S. enterica isolate per sample. Salmonella enterica was recovered from 55.6% of 1,681 samples. The prevalences on hides and in feces were 69.6% and 30.3%, respectively. The concentrations of S. enterica organisms averaged (as determined by the most probable number technique) 1.82 log 10 /100 cm 2 of hides and 0.75 log 10 /g of feces. None of the isolates recovered from cattle that had achieved desirable harvest characteristics were resistant to four or more drugs. For isolates recovered from animals with poor productivity characteristics, 6.5% were resistant to four or more drugs. Twenty-two serovars were identified, with the most common being Salmonella enterica serovar Anatum (25.5%), Salmonella enterica serovar Montevideo (22.2%), and Salmonella enterica serovar Cerro (12.5%). High-level resistance, i.e., resistance to four or more drugs, was clustered within a few relatively uncommon serovars. These results demonstrate that even though S. enterica isolates are readily recoverable from harvest-ready cattle, multiply resistant variants are rare and are associated with specific serovars in cattle harvested because of poor productivity characteristics.
nella serovar Newport and Salmonella serovar Typhimurium, appear more likely to harbor a diverse ensemble of genetic determinants that convey resistance to a variety of antimicrobial drugs (6, 14) . There is a growing body of evidence that disease caused by multiply resistant variants is more severe than disease caused by broadly susceptible S. enterica (15, 24) . Presumably, this is not a factor of the genes encoding resistance per se; rather, S. enterica strains that harbor these genes are more likely to possess additional virulence determinants.
The factors that contribute to the coselection of resistance and virulence determinants are not certain. Since antimicrobial drug use provides a selection pressure that favors those isolates resistant to that drug and since more-virulent strains are by definition more likely associated with disease, it seems logical to speculate that antimicrobial use at least in part selects for resistant variants and multiply resistant variants when resistance determinants are linked. If so, such selection could occur either in the animal reservoir or in human salmonellosis patients, although some argue that multiply resistant S. enterica strains arise primarily as a direct consequence of antimicrobial use in food animals (12, 15) . Regardless of the origin of multiply resistant S. enterica, it is certain that at least a portion of human salmonellosis cases are attributable to the consumption of beef products. Well-publicized outbreaks of human salmonellosis caused by multiply resistant S. enterica strains associated with ground beef (Salmonella serovar Typhimurium DT104 and Salmonella serovar Newport) have been reported (4, 25) . In one instance, beef produced from dairy-type cattle was implicated in an outbreak of multiply resistant Salmonella serovar Newport (5) . Because specific animal types are often associated with documented outbreaks of salmonellosis, it is conceivable that multiply resistant S. enterica strains might be clustered within definable populations of harvested cattle. If so, further research of these populations that is designed to better understand the factors that contribute to their elevated risk as well as the development of targeted strategies to mitigate their risk may be warranted. The objectives of this study, therefore, were to quantify S. enterica burdens in harvest-ready cattle and to identify specific at-risk populations of cattle most likely to harbor multiply resistant S. enterica. Susceptibility testing. Isolates were transferred to 10 ml of brain heart infusion broth, vortexed, and incubated at 37°C for 24 h. The broth was transferred and streaked for isolation onto Trypticase soy agar plates and then incubated at 37°C for 24 h. Three to five well-isolated colonies were collected using a sterile swab, transferred into 4 ml of sterile deionized water, and adjusted to a 0.5 McFarland standard. Ten microliters of the standardized inoculum was then transferred into 10 ml Mueller-Hinton broth and used to inoculate the 96-well microbroth dilution plates (Sensititre, catalog number CMV1AGNF; TREK Diagnostics, Cleveland, OH) (see Table A1 ). At least two plates from each lot of 96-well plates were evaluated with Escherichia coli ATCC 23742 for quality control purposes. The MIC was reported as the lowest concentration that inhibited growth; if, however, the isolate grew at the greatest concentration, the MIC was arbitrarily set at double the greatest concentration included on the plate. Isolates were classified as susceptible or resistant based on available breakpoints (8, 3) .
Statistical analysis. Data were entered into an electronic spreadsheet and analyzed using commercially available statistical analysis software (SAS System for Windows, release 9.1.3., SAS Institute, Cary, NC). Descriptive statistics were generated and presented in graphic and tabular formats. Within each sample type, an analysis of the Salmonella prevalence and load was performed using logistic and linear mixed-model methodology, respectively. Model variations attributable to various independent variables (season and cohort) were evaluated for significance. The location of the sample collection was forced into the models as a random variable to account for within-location clustering of the outcome. A significance level (␣) of 0.10 was used for the determination of statistical significance.
RESULTS
A total of 1,681 samples were collected and were comprised of 1,081 hide swab samples from the four abattoirs and 600 fecal samples from the feedlots; S. enterica was recovered from 55.6% (n ϭ 934) of 1,681 samples. The prevalence of S. enterica organisms on hide swab samples was 69.6% (n ϭ 752), with a least-square mean (and median) concentration (MPN) in positive samples of log 10 1.73 (1.32)/100 cm 2 , respectively. Salmonella enterica was recovered from 30.3% (n ϭ 182) of fecal samples, with a least-square mean (and median) concentration (MPN) in positive samples of log 10 0.71 (Ϫ0.21)/g, respectively. The burdens of S. enterica by cohort are presented in Table 1 .
The prevalence of S. enterica organisms on the hides of animals presented for harvest did not vary by animal type (P ϭ 0.47) or season (P ϭ 0.39). The Salmonella enterica concentrations on the hides of cattle in abattoirs varied between cohorts and over time (P Ͻ 0.01) (Fig. 1, bottom) . When season was held as a constant, the concentration of S. enterica organisms on the hides from which Salmonella was recovered was greater for feedlot origin cattle than for both beef-type (P ϭ 0.05) and dairy-type (P ϭ 0.01) cows. The S. enterica concentrations did not vary significantly between beef-and dairy-type cows presented for harvest (P ϭ 0.23). When animal type was held as a constant, the S. enterica concentration on the hides during the fall was greater than that during the winter (P Ͻ 0.01), the spring concentration was greater than both the summer (P Ͻ 0.01) and winter (P Ͻ 0.01) concentrations, and the summer concentration was greater than the winter (P ϭ 0.06) concentration; other pairwise comparisons were not significantly different (P Ͼ 0.10). Neither the prevalence nor the concentration of S. enterica organisms in the feces of animals in feedlots varied significantly by animal type (P ϭ 0.61 and 0.23, respectively) or season (P ϭ 0.11 and 0.71, respectively) (Fig. 2) .
Twenty-two serovars were successfully reported for 762 isolates of the 934 S. enterica isolates tested ( Table 2 ). Of the serovars recovered from hides, Salmonella enterica serovar Anatum (22.9% of hide origin serovars), S. enterica serovar Montevideo (22.9%), S. enterica serovar Cerro (14.9%), S. enterica serovar Mbandaka (10.0%), S. enterica serovar Muenster (6.5%), and S. enterica serovar Kentucky (5.7%) were the most common. Similarly, the most common serovars recovered from feces were Salmonella serovar Anatum (32.5% of fecalorigin serovars), Salmonella serovar Montevideo (19.6%), Salmonella serovar Mbandaka (14.7%), Salmonella serovar Kentucky (16.0%), S. enterica serovar Reading (4.9%), and Salmonella serovar Cerro (4.3%). One Salmonella serovar Newport isolate was recovered (from a fecal sample of an animal identified with poor productivity characteristics), but no Salmonella serovar Typhimurium strains were recovered.
Of the 934 S. enterica isolates, 51.1% (n ϭ 477) ( Fig. 3) were pansusceptible, 33.1% (n ϭ 309) were resistant to one drug, 8.35% (n ϭ 78) were resistant to two drugs, 3.75% (n ϭ 35) were resistant to three drugs, and 3.75% (n ϭ 35) were resistant to four or more antimicrobial drugs. The most common resistance observed was to sulfisoxazole (39.5% of isolates), followed by tetracycline (10.9%) and ampicillin (8.89%). Cip-FIG. 1. Least-square mean estimates of prevalences (%) (top) and concentrations (log 10 MPN/100 cm 2 ) (bottom) of Salmonella enterica organisms on hides of beef-type and dairy-type cows removed from the herd because of poor productivity and feedlot origin cattle that had achieved desirable harvest characteristics, by season. Error bars represent the upper 95% confidence interval.
FIG. 2.
Least-square mean estimates of prevalences (%) (top) and concentrations (log 10 MPN/g) (bottom) of Salmonella enterica organisms in feces of feedlot cattle removed from the herd because of poor productivity and feedlot cattle that had achieved desirable harvest characteristics, by season. Error bars represent the upper 95% confidence interval. rofloxacin resistance was not detected, and resistance to ceftriaxone was observed in 0.21% (n ϭ 2) of isolates. Of the isolates recovered from fecal and hide swab samples, 6.59 and 3.06%, respectively, were resistant to four or more drugs (Table 3) . Across sample types, however, 0.0% of isolates recovered from animals that had reached a desirable harvest weight and 6.51% of isolates from animals removed from the herd for poor productivity (either dairy-type cows, beef-type cows, or feedlot animals) were resistant to four or more drugs (P was Ͻ0.01 in the comparison of the two groups). Specific patterns of coresistance were evident in the data (Table 4) . Of the isolates resistant to four or more drugs, 62.9% (n ϭ 22) were coresistant to ampicillin, chloramphenicol, streptomycin, sulfisoxazole, and tetracycline (ACSSuT R type). Further, of these ACSSuT R-type isolates, 77.3% (n ϭ 17) were of the multidrug resistance (MDR)-AmpC phenotype in that they were also coresistant to a potentiated ␤-lactam (amoxicillin potentiated with clavulanic acid) and an expanded-spectrum cephalosporin (the MDR-AmpC phenotype is defined as coresistance to ACSSuT, a potentiated ␤-lactam, and an expanded-spectrum cephalosporin [14] ; all isolates were resistant to ceftiofur, and two isolates were also resistant to ceftriaxone). There were no isolates singly resistant to ceftiofur. The mean and median numbers of drugs to which ceftiofur-resistant isolates were resistant were 7.7 and 8, respectively, whereas ceftiofur-susceptible isolates were typically resistant to 0.7 and 0 drug (mean and median, respectively). There was substantial agreement beyond chance ( ϭ 0.75) between ceftiofur resistance and the ACSSuT R type. Of the 23 ceftiofur-resistant isolates, 17 also were of the ACSSuT R type, and these 17 were also of the MDR-AmpC phenotype. The ACSSuT R type was over- represented in a few serovars; Salmonella serovar Reading isolates were 99 times (95% confidence interval ϭ 42 to 227; P Ͻ 0.01) more likely to be of the ACSSuT R type than the isolates of other serovars. Salmonella enterica serovar Agona isolates were also overrepresented in that they were 16 times (95% confidence interval ϭ 3.1 to 85; P ϭ 0.01) more likely to be of the ACSSuT R type than the isolates of other serovars (excluding Salmonella serovar Reading).
DISCUSSION
Salmonella enterica was readily recovered from the populations of cattle enrolled in the study described herein; all of the populations were eligible for harvest. These estimates are generally greater than those reported elsewhere (1, 9) but somewhat consistent with studies of cattle from the southern High Plains of the United States (2, 13, 18). In our study, the estimate of prevalence was greater on hides than in feces, and this phenomenon has been reported previously (18) . Ostensibly, this observation may imply that hides are more likely to be S. enterica positive than feces; we believe, however, that it is instead a consequence of the size of the sampled area (1,000 cm 2 versus ϳ150 g of feces), the subsampling of the sample substrate within the laboratory (approximately 1.1 ml from 25 ml of diluent versus approximately 1.1 g from 150 g of feces), and the sensitivity of the microbiological methods for recovering S. enterica from the substrate (i.e., diluent versus feces). Furthermore, evidence from previous studies indicates that E. coli O157:H7 is not uniformly distributed in feces (11) and that S. enterica is not uniformly distributed on hides (23) , and if multiple samples per animal are cultured, the estimate of prevalence increases dramatically. It is, therefore, inevitable that some animals are incorrectly classified as S. enterica negative when only a relatively small proportion of feces or hide has been sampled (i.e., 150 g of feces and 1,000 cm 2 represents a small proportion of the total daily fecal production or surface area). In other words, the sampling design employed in the study described herein almost certainly underestimated prevalence (both on hides and in feces). Consequently, had we increased the amount sampled, more uniformly distributed the organism in the substrate, or inoculated a greater volume, we expect that the estimates of prevalence would have been greater (11, 17, 23) . After accounting for the lack of sensitivity inherent in the design, it seems most likely that S. enterica is ubiquitous among cattle populations from the southern High Plains.
Despite other reports of seasonal variation in S. enterica prevalence, we did not detect statistically significant variation in S. enterica prevalence from season to season. However, there may have been biologically significant variation in the concentrations of S. enterica organisms on hides across cattle type and season. Seasonal variation, however, is of limited inferential value because it is uncertain how representative the seasons included in the study described herein were of typical seasons. For example, the spring sampling time frame was unusually dry, yet the summer period of this study was unusually wet. Regardless of what may or may not be concluded from the observed seasonal variation in loads, when season was held as a constant, feedlot origin cattle had greater S. enterica loads on hides than cows (either of the beef type or dairy type). Furthermore, there was some evidence that within fecal samples, animals that had achieved desirable harvest characteristics may have had greater concentrations than those removed from the herd. Despite the greatest concentrations being observed in cattle that had achieved desirable harvest characteristics to satisfy market demands (i.e., feedlot origin cattle in abattoirs as well as those in feedlots), the S. enterica isolates recovered from these cohorts were of serovars rarely observed in either human or animal disease. Further, they were, at least phenotypically, broadly susceptible to the panel of antimicrobial drugs and presumably unlikely to be a source for resistance determinants for other bacteria. It seems likely, therefore, that the vast majority of S. enterica serovars carried by the productive feedlot cattle that had successfully achieved desirable harvest characteristics are of limited public or animal health importance, and they may even represent nonpathogenic variants or commensal organisms.
Only samples in which presumptively positive colonies were observed were subjected to enumeration methodologies. Presumptively positive identification required approximately 48 h from the time of initial laboratory processing to the inoculation of the MPN tubes. While samples were held at 4°C, it is possible that the concentration of bacteria declined over time. If this is so, then we underestimated concentration, but this is at present uncertain without the appropriate evaluation of temperature-, time-, and substrate-dependent changes in Salmonella concentration. Regardless, storage conditions were consistent across all samples, so within-substrate changes in concentration, if any, should have been consistent from cohort to cohort and season to season.
While high-level resistance was rare in this study, it was clustered within a few serovars and in those animals that had been removed from the herd for poor productivity characteristics. Productivity characteristics that warrant removal from the herd vary by production type but in general include injury, lameness, disease deemed refractory to continued treatment, and failure to reproduce (in cows). The proportion of cattle that are removed from the herd varies by production type and may range from 25% per year in dairies to approximately 1% per cohort in feedlots. Antimicrobial therapy is indicated for some illnesses that may ultimately lead to a decision to cull the animal from the herd, such as respiratory disease in feedlot cattle or metritis in dairy cows. Historical data were not available for the animals included in this study, but it is probable that at least some of the animals removed from the herds because of poor productivity were administered one or more courses of therapy with injectable antimicrobial drugs prior to sample collection. In contrast, however, feedlot origin cattle that have reached a desirable harvest weight and body composition have done so because of acceptable performance characteristics and were unlikely to have required injectable drug therapy, at least in their recent history. It is possible, therefore, that prior antimicrobial therapy may have contributed to the clustering of highly resistant S. enterica strains in cattle culled from the herd. Antimicrobial drug use per se cannot, however, explain all of the clustering, as the vast majority of feedlot cattle in the study area, including those sampled in our study, were administered subtherapeutic doses of tylosin and monensin to improve the efficiency of production. It seems likely, therefore, that any effect that antimicrobial drug use exerts on the selection of resistant variants may be bacterium and drug specific and also influenced by both animal-and group-level factors.
The so-called MDR-AmpC phenotype was first described for Salmonella serovar Newport (14) , and the broad ensemble of resistance determinants is typically thought to be plasmid borne. In our study, we recovered only one Salmonella serovar Newport isolate; it was recovered during the summer from the feces of a feedlot animal removed from the herd for poor productivity and was pansusceptible. In the study described herein, the ACSSuT R-type and MDR-AmpC phenotypes were observed in five and four serovars, respectively, and were most commonly observed in Salmonella serovar Reading isolates. Two phenotypes were observed for Salmonella serovar Reading isolates: they were either broadly susceptible or broadly resistant. The mean (median) numbers of drugs to which the isolates were resistant were 2 (1) for non-ACSSuT R types and 8.1 (8) for phenotypically ACSSuT R-type isolates. Further, strong agreement between resistance to ceftiofur and the ACSSuT R type was observed across the five serovars displaying the ACSSuT R type, and this observation is consistent with earlier observations from our laboratory (19) .
The ACSSuT and MDR-AmpC phenotypes were recovered only from samples collected from animals identified with poor productivity characteristics (either in feedlots or cow herds) but were never identified in the feedlot animals (feces collected in feedlots or hide swab samples collected in abattoirs) that had achieved desirable harvest characteristics. In one feedlot, Salmonella serovar Reading was recovered from the feces of both cohorts; however, degrees of resistance (broadly susceptible or broadly resistant) varied by cohort in that broadly resistant variants were recovered only from animals that were removed from the herd because of poor productivity characteristics. More research is needed to determine if movement from a productive cohort to a poor-productivity cohort was associated with the acquisition of the MDR-AmpC phenotype-encoding plasmid by strains of a few serovars or if the animals themselves acquired a distinct subpopulation of the serovar already harboring the plasmid. In other words, it is uncertain if the observed serovar-specific clustering of highlevel resistance was associated with the dissemination of either a mobile/mobilizable plasmid or an S. enterica clone. a A, ampicillin; C, chloramphenicol; S, streptomycin; Su, sulfisoxazole; T, tetracycline; Fox, cefoxitin; Aug, amoxicillin-clavulanic acid; Nal, nalidixic acid; TrSu, trimethoprim-sulfisoxazole; Cef, ceftiofur; Axo, ceftriaxone; Kan, kanamycin; Gen, gentamicin. b 1, hide swab collected in an abattoir from beef-type cows removed from the herd because of poor productivity; 2, hide swab collected in an abattoir from dairy-type cows removed from the herd because of poor productivity; 3, hide swab collected in an abattoir from feedlot origin cattle that had achieved desirable harvest characteristics; 4, fecal sample collected from feedlot cattle removed from the herd because of poor productivity; 5, fecal sample collected from feedlot cattle that had achieved desirable harvest characteristics.
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